Objective: Mucus provides a protective barrier separating sensitive epithelial surfaces from the outside world. The mouse colonic mucus is organized as a bacteria-free inner layer and a bacteria-colonized outer layer. Antibiotic treatments are known to disturb gut microbiota, but their effect on the mucosal barrier is rarely discussed. The aim was to evaluate and visualize the impact of antibiotics on the colonic mucus and the microbial community. Materials and Methods: Two sets of experiments were conducted. In the antibiotic experiment, mice orally ingested both streptomycin and bacitracin for 7 days. In the recovery experiment, mice were allowed to recover for 7 days without antibiotics after having received the 7-day antibiotic treatment. Mouse colons were isolated and divided into proximal, middle, and distal parts. Specimens were examined under a transmission electron microscope to identify morphological changes. The gut microbial community was evaluated by analyzing 16S rDNA sequences isolated from the different parts of the mouse colon. Results: The antibiotic-treated mice were physiologically normal. However, a significantly increased inner mucus layer in the proximal and middle colon and a dramatic decrease in bacterial numbers in the outer mucus layers were observed. The 16S rDNA compositions showed a similarity in the dominant taxa among different colon sections. While control mice had a diverse microbiota, antibiotic treatments effectively eliminated most of the bacteria, such that the community was dominated by only one genus (Turicibacter or Staphylococcus). Furthermore, following antibiotic withdrawal in treated mice, the thickness of the inner mucus layer returned to control levels, and the microbial community regained a more complex structure, dominated by Firmicutes, Bacteroidetes, and Proteobacteria. Conclusions: Our results indicated that antibiotic treatments not only disturbed the microbiota but also altered the structure of the mucus layer. After the withdrawal of antibiotics, the mucus layer was quickly regenerated within days, probably in response to microbial growth. The recolonization by gut inhabitants with diverse ecological roles, such as mucin-degraders and fermenters indicate that the gut ecosystem is functionally sound and highly resilient.
Introduction
A nimal guts harbor complex communities of microorganisms that interact dynamically with their host, shaping the gut environment. Maintaining the host-microbial homeostasis in the gut is vital for host health; dysbiosis of gut bacteria often leads to diseases, such as obesity and inflammatory bowel disease [1] [2] [3] .
Antibiotics are effective in treating bacterial infections and therefore, are used frequently in modern medicine. However, antimicrobial effects are not restricted to the target pathogens alone. They also act on commensal bacteria and can result in an alteration in gut microbial composition leading to dysbiosis [3] [4] [5] .
The colonic mucosal barrier comprises a thick mucus layer and a single layer of epithelial cells. The colonic mucus is organized in two layers. The inner layer is stratified and firmly attached to the epithelium and devoid of bacteria. In contrast, the outer layer is easily movable, and is colonized by bacteria [11] . The inner mucus layer and the tight junctions between intestinal epithelial cells serve to prevent commensal and pathogenic bacteria from entering the underlying submucosa. Studies have shown that bacteria-host interactions in the intestines regulate the production of mucus and the integrity of tight junctions [12, 13] . The mucus layer not only protects the epithelium from dehydration, physical abrasion, and microbial assault but also serves as an important habitat for gut microbiota [14] . Goblet cells produce the mucus, which contains mucin, the main component forming the mucus. Bacteria that can colonize in the mucus layer, utilizing mucin as their energy source, have a better chance of becoming dominant residents within the gut [15] .
Knowing that antibiotics can alter the gut microbial composition and that the colonic mucus layer is where many microbes reside, we were interested in investigating the morphological changes elicited by antibiotics in the mucus layer and the integrity of the mucosal barrier. The mucus layer is easily washed away during routine sample preparation. Matsuo et al. [16] reported better preservation of the mucus layer by using nonaqueous Carnoy's solution; however, ultrastructural details of colonic bacterial cells tend to be compromised by Carnoy fixation. In this study, we were able to modify traditional sample preparation procedures to successfully preserve both the mucus layer and the bacterial ultrastructures, allowing us to better visualize the effects of antibiotics on bacteria within the mucus layer. In addition, we examined whether the withdrawal of antibiotics would reverse the effects of antibiotics on microbial composition and mucus layer integrity. The results provided a morphological perspective on the effects of antibiotics in the colon.
Materials and methods

Animals
Six-week-old domestic male outbred NMRI mice (Mus musculus) were obtained from the Laboratory Animal Center of Tzu Chi University (Hualien, Taiwan). Mice were housed in a temperature-controlled room (22°C ± 2°C) in the animal facility of Tzu Chi University, and maintained on a 12-h light/dark cycle, with free access to food (laboratory rodent diet) and water. Animals were housed individually and were randomly allocated to each experimental group. All mice were monitored daily for weight gain, defecation, and amount of water consumed during experiments. All animal manipulations were performed in accordance with institutional guidelines and regulations under the protocols approved by the Institutional Animal Care and Use Committee of Tzu Chi University (approval number 96074).
Antibiotic treatment and recovery
Streptomycin and bacitracin (SB) (purchased from Sigma-Aldrich) were used in this study. It is one of the antibiotic regimens commonly applied to murine enteritis models [17] . Two sets of experiments were conducted. The first set measured the effects of antibiotic treatments on mouse colon mucosa. Three SB doses were administered in 250 mL of drinking water: Low (L; 0.5 g SB), medium (M; 1.0 g SB), and high (H; 1.5 g SB). A control group (C) received no antibiotics in water. These mice were sacrificed after the 7-day antibiotic treatment.
The second set was used to measure the effects of a recovery period in mice after antibiotic treatments. These mice received a 7-day antibiotic treatment, as described previously, and then entered a 7-day recovery period, receiving regular drinking water without antibiotics. Mice recovering from the low-, medium-, and high-dose antibiotic treatments were designated as LR (low-dose recovery), MR (medium-dose recovery), and HR (high-dose recovery) groups. Control mice received 14 days of regular water and were designated as the CR group.
Histological and electron microscopic examinations were conducted on tissues from antibiotic-treated and recovery mice to reveal changes in the mucus layer. For these analyses, groups of three mice were used in every treatment. The DNA analysis was conducted on another batch of mice to reveal changes in bacterial composition. Our preliminary data from the DNA analysis in the antibiotic treatment experiment showed that a low dose was enough to cause dramatic changes in the bacterial community; therefore, we conducted further experiments with the low-dose treatment, where three treated mice and three control mice were used. One additional mouse receiving a high dose was included for comparison. We encountered technical difficulties with polymerase chain reaction (PCR) reactions for some samples, therefore, no library was constructed [Supplementary Table 1 ].
Sampling
All mice were sacrificed at 9-10 A.M. The entire colon was removed, and approximately 1-cm segments of the proximal, middle and distal colon specimens were collected at sites immediately behind the cecum-colon junction, the mid-point, and then immediately before the colorectal junction, respectively. Distended colon segments loaded with feces were sampled to investigate the mucus layer [18] .
Histological examination
Specimens were fixed in 4% formaldehyde in phosphate buffered saline (pH 7.3) at 4°C overnight. Tissues were then dehydrated through a graded series of ethanol, cleared in xylene, and embedded in paraffin. Sections of 5 µm were cut on a Leica RM2025 microtome and stained with hematoxylin and eosin to evaluate colonic inflammation.
Transmission electron microscopy
For mucus layer investigation, the above mentioned 1-cm tube-shaped, feces-loaded colon specimens were tied at both ends to prevent mucus loss. Tissues were fixed in nonaqueous Carnoy's solution (ethanol:acetic acid:chloroform = 6:3:1, v/v/v) for 48 h at 4°C [16] , washed with 0.1 M cacodylate buffer (pH 7.3), and postfixed with 1% osmium tetroxide/0.1 M cacodylate buffer for 2 h at room temperature. The tissues were en bloc stained with 2% uranyl acetate for 1 h, dehydrated through a graded series of ethanol, and embedded in LR White. For tight junction examination, specimens were trimmed to 1 mm 3 and fixed with 2.5% glutaraldehyde/0.1 M cacodylate buffer at 4°C for 24 h, followed by postfixation with 1% osmium tetroxide/0.1 M cacodylate buffer for 1 h at room temperature. After staining with uranyl acetate and dehydrating as mentioned above, tissues were embedded in Spurr's resin. Serial ultrathin sections of 70-80 nm were cut on a Leica Ultracut R ultramicrotome (Leica, Heerbrugg, Switzerland) and examined using a Hitachi H-7500 transmission electron microscope (TEM; Hitachi, Tokyo, Japan) at 80 kV.
Morphometric analysis of mucus layers
The thickness of the inner mucus layer was defined as the homogeneous area that spanned from the top of colonic epithelial microvilli to where morphologically intact bacteria appeared. Bacteria showing continuous plasma membrane were considered morphologically intact; while bacteria showing disrupted or compromised membrane or lysed/ condensed cytosol were considered bacterial debris. Both morphologically intact bacteria and bacterial debris were more electron-dense than the homogeneous mucus. The thickness of the inner mucus layer was measured as depicted in Figure 1 . A horizontal line abutting epithelial microvilli was drawn to indicate the interface between the gut epithelium and the mucus layer. A line was drawn perpendicular to the horizontal line until the first bacterium was encountered on the outer mucus layer. The distance of this perpendicular line was measured to scale and was considered the thickness of the inner mucus layer.
To avoid sampling bias, three randomly picked regions on each section were measured and averaged to represent the thickness of that single section. However, to minimize measuring variations, we tried to image areas with perfect longitudinally sectioned microvilli and avoided crypts and folds. Measurements were made on three different ultrathin sections per colon segment per mouse, and three mice were used in each experimental group. An estimated section area of 10 mm 2 was examined for quantification for each colonic segment per treatment group. Data were expressed as means ± standard errors. ANOVA and Tukey test were performed using PAST3 to assess differences among experimental groups.
Polymerase chain reaction and cloning
Samples of the proximal, middle, and distal colon from the same animal were collected separately. A 0.5-1.0-cm section of each intestinal region was dissected open, washed gently with distilled water to remove gut contents, and the mucus was scraped off and collected. DNA was extracted from these samples using the phenol-chloroform method. Bacterial 16S rRNA genes were amplified using the universal primers 27f (5'-AGAGTTTGATCCTGGCTCAG) and 1522r (5'-AAGGAGGTGATCCA(A/G)CCGCA) [19] . PCR products were ligated into pGEM-T vectors (Promega, Madison, Wisconsin, USA) and transformed into JM109 competent Escherichia coli (Promega). After the standard blue-white screening, clones were checked for the correctly sized insertion and submitted to the National Yang-Ming University VYM Genome Research Center (Taipei, Taiwan) for sequencing.
Sequence analysis
All 16S rDNA sequences obtained in this study were analyzed using Mothur version 1.39.5 [20] . Classification of sequences was based on close database comparison using the SILVA version 128 database and taxonomy [21, 22] . The phylotype function was used for OTU assignment. The chimera.uchime was used for chimera detection.
Results
Three SB dosage (L, M, and H) groups were tested in this study. The amount of antibiotics ingested in the L, M, and H groups were estimated to be 6, 12, and 18 mg per mouse per day, respectively, calculated based on daily water consumption of 3 mL, as described previously [23] . Weight gain was not significantly different between control and antibiotic-treated mice [ Figure 2 ]. Defecation was monitored daily for fecal pellet numbers and consistency, and no difference was noted between treatment and control groups.
Effects of antibiotics on colonic mucus layer and ultrastructures
Samples prepared from antibiotic-treated and control groups were examined under a TEM. Despite no apparent physiological differences, dramatic morphological changes in the colon were observed in mice after the 7-day antibiotic treatment. In the control group, a bacteria-devoid inner mucus layer and a bacteria-packed outer mucus layer were seen obviously layering the colonic epithelial cells [ Figure 3 , first panel].
The thickness of the inner mucus layer increased from the proximal to the distal colon, averaging 0.25 ± 0.02 µm in the proximal colon, 8.93 ± 0.2 µm in the middle colon, and 17.31 ± 0.49 µm in the distal colon [ Figure 4 ].
Figure 1:
Measurement of the inner mucus layer. The inner mucus (im) layer was defined as the region between the colonic epithelial microvilli (mv) surface and the region where gut bacteria appeared. The thickness was measured by drawing a horizontal line indicating the uppermost limit of the epithelium (E), followed by drawing a line perpendicular to the horizontal line until the first bacterium was encountered on the outer mucus (om) layer. The distance of the perpendicular line was measured to scale and was considered the thickness of the inner mucus layer In antibiotic-treated mice, morphologically intact bacteria were scarcely seen in the outer mucus layer; instead, electron-dense bacterial debris became the major components [ Figure 3 , second to fourth panels]. A significant increase in the thickness of the inner mucus layer was found in the proximal (M and H dosage) and middle, but not distal, parts of the colon after antibiotic treatments [ Figure 4 ]. The lowest antibiotic dose (0.5 g SB in 250 mL water) used in this study effectively wiped out the majority of gut microbes and increased the inner mucus layer thickness in the proximal and middle colon. Higher doses had similar results but did not further increase the thickness of the inner mucus layer.
Although dramatic changes were found in the colonic mucus layer, tight junctions between epithelial cells showed normal morphology in all the colon sections examined [ Figure 5 ]. The results indicate that epithelial integrity was not compromised after antibiotic treatments. This is supported by the fact that no sign of inflammation, such as infiltration of lymphocytes, was detected in antibiotic-treated colonic tissues [ Figure 6 ].
Recovery of mucus morphology after antibiotic withdrawal
We further investigated whether the above postantibiotic treatment effects could be reversed after a period of cessation from antibiotic treatments. Mice that received 7-day antibiotic treatments were returned to regular water with no antibiotics over a 7-day recovery period. After the recovery, the abundance of microbes in the outer colonic mucus layer was similar to that in nontreated controls, despite the initial dosages received. The re-established microbes occupied the outer mucus layer, providing a clear delineation between the inner and outer mucus layers similarly to control samples [ Figure 7 ]. The thickness of the inner mucus layer was, therefore, not different from control levels after the recovery period [ Figure 8 ].
Changes in colonic microbial composition after antibiotic treatment and recovery
Alterations of mouse colon mucus could lead to changes in physical barrier function and mucin availability, therefore lead to changes in microbial composition, especially mucin-degrading bacteria. Dysbiosis has been linked to the deterioration of health in various diseases; for example, antibiotic-induced dysbiosis is known to have detrimental effects on both current and future health conditions [24, 25] . Therefore, we examined the bacterial composition in these colon samples. We successfully amplified 16S rDNA fragments from most proximal, middle, and distal colon samples. However, we were unable to amplify the DNA fragment for some samples, primarily in the high-dosage treatment groups. This could be due to improper handling of samples, or due to a greatly reduced bacterial cell number, therefore, not enough bacterial DNA was available for PCR analysis. For other libraries, 96 clones were sequenced. After removing chimera and nonbacteria sequences, a total of 1227 sequences were used for further analysis [Supplementary Table 1 ]. Sequence analysis results showed inter-batch discrepancies in colonic microbial compositions between the mice used for the antibiotic treatment experiments and the recovery experiments; therefore, we have avoided direct comparisons between the two groups in our analysis.
At the phylum level, there seemed to be little change in community composition between antibiotic-treated and control mice; major changes in composition and a reduction in biodiversity were evident at the genus level [ Figure 9a and c]. All antibiotic-treated animals had a bacterial community dominated by only one genus (Turicibacter in L1, and Staphylococcus in L2 and L3). In contrast, various genera were seen in all control animals and throughout all colonic segments, including common anaerobic gut inhabitants, such as Clostridia and Lachnospiraceae. These results indicate dramatic changes in the microbial community as a result of antibiotic treatments. The results also showed that the lowest dose of antibiotics used in this study (0.5 g SB) was sufficient to cause a large disturbance in colonic microbiota.
We traced the changes in microbiota after a 7-day recovery period following antibiotic administration as a measure of resilience after such a disturbance [ Figure 9b and d]. At the phylum level, the recovered communities had similar compositions to communities with no antibiotic exposure; however, the genus-level bacterial compositions were still very different. Escherichia-Shigella sequences were observed in recovered communities of high relative abundance, but not in the age-matching controls. This indicates that the community responded to antibiotic withdrawal with a rapid increase in bacterial diversity; however, a much longer period is probably required for a full restoration of the original gut microbial composition.
Discussion
SB dosages used in this study were higher than human recommended dosages [26] . However, both SB are recommended to be administered by injection since they are poorly absorbed in the gut. Therefore, the actual antibiotic concentration that entered the mouse circulation is expected to be much lower and unlikely to have adverse effects on mouse physiology. Furthermore, the three dosages used in this study did not seem to affect mouse daily activities. The body weight gain, defecation, food and water intakes, and shape of feces were not different between control and antibiotic-treated mice.
However, these antibiotic-treated, apparently physiologically normal mice, showed a significant change in the mucus layer covering the colonic epithelium. The mucus that coats the apical surface of the epithelial cells is one of the important habitats for gut microbes [14] . Mucins are the main components forming the mucus layer. The highly glycosylated mucin proteins are very large molecules, comprising up to 80% carbohydrates, mostly in the form of O-linked glycans [27, 28] . Bacteria that can colonize the mucus layer, or utilize mucin as their energy source, would have a better chance of becoming dominant residents within the gut [29] . Nevertheless, the inner mucus layer is presented as a bacteria-free zone between the epithelial cells and the outer mucus layer [11] . Metronidazole and cotrimoxazole treatments have been reported to increase The inner mucus layer (im, bracket symbols in all images) is clearly identifiable in the images from control colons: A relatively homogeneous and electron-lucent area spanning between the epithelium (E) and the bacteria-rich outer mucus layer (om). The thickness of the inner mucus layer significantly increased from the proximal to the distal colon in control mice. Antibiotics effectively decreased bacterial numbers and only a few remained morphologically intact (arrows) in the outer mucus layer. The increased concentrations of electron-dense materials (arrowheads) in the outer mucus layer are bacterial debris colon mucus thickness in rats [30] ; however, the authors in that particular study used light microscopy, and hence, the inner and outer mucus layers were not measured separately. In this study, using the high resolution of electron microscopy we found that antibiotics affected bacteria in the outer mucus layer, and the reduction in bacterial numbers resulted in a thickened inner mucus layer in the proximal and middle parts of the colon. This increase in inner mucus thickness may be attributed partly to the much-reduced bacterial consumption of mucin.
Recently, Kamphuis et al. [18] provided evidence showing that mucus organization is shaped by colonic contents. They found that mucus was observed only when there is food residue in the lumen, and was not seen in the empty colon. They further proposed that the mucus is actually covering the feces instead of lining the epithelial surface in the distal colon. Nevertheless, the role of the mucus layer in separating the epithelium from the bacteria-loaded feces still holds true. However, they concluded that the mucus and feces were mixed in the proximal colon, and the bacteria were in contact with the epithelial surface in the proximal colon. In our study, we did see a very close association between epithelial cells and bacteria in the proximal colon under TEM. Nevertheless, a 0.25 ± 0.02 µm inner mucus layer was observed to separate the epithelium and bacteria [ Figure 3 ]. Compared to previous light microscopy-based findings, our TEM approach provides detailed results with higher resolution.
The increase of the inner mucus layer was only observed in the proximal and middle colon, but not in the distal colon, after antibiotic treatment. Most mucus-related studies focused on distal colon and few discussed the temporal or spatial differences along the entire length of colon. With limited data at hand, it is hard to even speculate the mechanism behind this phenomenon. Nevertheless, in our study, the microbial community in one antibiotic-treated animal was dominated by Turicibacter. Turicibacter has been implicated as a butyrate producer [31] . It has been reported that proximal and distal colon responded differently to butyrate, and the number of mucus-containing cells was found to be correlated with butyrate concentration only in proximal but not in the distal colon [32] . Therefore, the dominance of Turicibacter during antibiotic treatment may increase butyrate production, resulted in thickening of the mucus layer. In addition, the proximal colon was thought to have no firm mucus barrier formed until the chyme starts to gain a pellet structure in the distal colon [18] . The differences in colonic contents and microbial community structures are all possible factors influencing the effects of antibiotics on different parts of the colon.
Antibiotic treatments led to an increase in the thickness of the inner mucus layer and a decrease in the diversity of the bacterial community. The colonic communities of antibiotic-treated mice were dominated by Staphylococcus or Turicibacter. Both Staphylococcus [33] and Turicibacter [34] have been reported as common gut commensals in mice. It is likely that the antibiotic treatments wiped out most of the gut microbes, providing a niche for fast-growing microbes.
We found apparent discrepancy in colonic microbiota between the two batches of mice (antibiotic treated and recovery groups). This variation has been reported among different sources or even cages in the same animal facilities [35, 36] . In our data, mice within the same batch showed similarity in microbiota composition, and treated groups showed rather dramatic changes in composition, therefore we considered the comparisons among mice of the same batch were valid.
The changes in the bacterial community may be an important factor affecting mucus production. Mucin production has been reported to be affected by the microbial change. For example, Bengtsson et al. [37] described that a Lawsonia intracellularis infection greatly reduced mucin production. Ruminococcus gnavus has also been reported to modulate mucin expression and intestinal glycosylation [38] . Turicibacter may increase butyrate production [31] and result in thickening of the mucus layer as described above. That is, in addition to reduced bacterial cells after antibiotic treatment, the dramatic modified microbial community may be another possibility influencing the thickness of the inner mucus layer. The thickness of the inner mucus layer returned to control levels soon after the cessation of antibiotic treatments. Morphologically intact bacterial cells were observed recolonizing the outer mucus layer after the 7-day recovery. The source of repopulating bacteria could be derived from the diet, the environment, and/or bacteria residing in colonic pockets or folds that survived the antibiotic treatments. Although the morphology of the mucus layer successfully recovered to control levels after the 7-day recovery, the microbial community composition at the genus level still differed from that in control mice. It seems that a much longer period is required for a full restoration to the original microbial community. Nevertheless, microbes with distinct ecological functions, such as mucin degrader (e.g., Akkermansia) and fermenters (e.g., Ruminococcus), appeared in the gut community after the 7-day recovery. These results suggest that this community is in the process of functional recovery after experiencing a disturbed state within a relatively short time after the removal of antibiotics.
Conclusions
It is worth noting from our study that although antibiotic treatment significantly altered the mucus layer and destroyed Figure 7 : Restoration of the mucus layer in the colon by antibiotic withdrawal. The two-layer structure and the thickness of the inner mucus layer (bracket symbols) returned to control levels [see controls in Figure 3 ] for all groups of antibiotic-treated mice after 7 days of antibiotic withdrawal. No significant difference was found among treatment groups and controls. Intact bacteria (arrows) recolonized the outer mucus layer. LR group, MR group, and HR group represent the 7-day low, medium, and high-dose antibiotic treatments plus a 7-day recovery, respectively. E: Epithelium most of the bacteria in the outer mucus layer, the mice showed no sign of symptoms related to the gut. The main reason for this could be that the tight junctions and the inner mucus layer remained intact throughout the experiment; a compromised intestinal mucosal barrier often leads to gut-associated diseases [39] . Similar results to our study could occur when patients receive antibiotics to treat infections. We should keep in mind that whether or not a gut-associated discomfort has been reported, the critically important gut microbial community may already exhibit profound changes that can affect the body.
Financial support and sponsorship
This work was supported by grants 97-2311-B-320-001-MY3 from the Ministry of Science and Technology of Taiwan and TCRPP100008 from the Buddhist Compassion Relief Tzu Chi Foundation to Han-Chen Ho. Figure 8 : Quantification of the inner mucus layer thickness in antibiotic withdrawal experiments. The thickness of the inner mucus layer in all regions of the colon returned to control levels (C) in antibiotic-treated mice following a 7-day recovery period (ANOVA, P > 0.05 in all colonic parts). No significant difference was found among treatment groups and controls. The symbols LR, MR, and HR represent groups of mice that recovered from 0.5 g streptomycin-bacitracin, 1 g streptomycin-bacitracin, and 1.5 g streptomycin-bacitracin treatment, respectively CR2D/34 a 1.5 g streptomycin + 1.5 g bacitracin/250 mL drinking water, b 0.5 g streptomycin + 0.5 g bacitracin/250 mL drinking water
